An extended version of the Method for Object-based Diagnostic Evaluation (MODE) was used to perform a verification of precipitation provided by the Weather Research and Forecasting (WRF) model Tropical Channel Simulation (performed by NCAR). Model 3-hourly precipitation accumulations were compared to the Tropical Rainfall Measuring Mission (TRMM) 3B42 satellite-derived precipitation in the low-and midlatitude Pacific Ocean during 1998-2000. Overall, the spatial distribution of annual mean precipitation (i.e., the clear shape of the ITCZ with two maxima-one located in the east and one in the west) was reproduced well by the WRF model; however, there was considerably more precipitation in the WRF simulation than in the TRMM dataset. Object-based analysis identified more precipitation objects with life spans less than 30 h and fewer objects with life spans longer than 60 h in the TRMM dataset compared to the WRF simulation. Objects with the longest life span (.90 h) tended to occur in similar regions in both the modeled and satellite-derived datasets. Two of these regions were in the western part of the domain and one was in the eastern portion of the ITCZ, although these regions did not necessarily coincide with the regions of maximum precipitation accumulations. Both datasets had mostly eastward movement in the midlatitudes. The datasets, however, diverged around the central part of the ITCZ where the TRMM dataset displayed both eastward and westward movement, while westward movement was dominant in the WRF simulation. The analysis also showed that precipitation object trajectories were smoother in the model than in the TRMM dataset.
Introduction
Diagnostic analysis is a critical component in the verification of numerical weather prediction (NWP) models. This is true not only for verification of weather predictions going a few days in the future, but also for verification of climate simulations produced by climate models. For climate model verification, a diagnostic analysis of real (observed) data can be compared to the diagnostic analysis of the model output. However, only some of the climate properties can be compared since the observations, due to the lower temporal and spatial sampling rate, and the model, due to simplifications in description of physical processes and limitations in quality of initial and boundary conditions, produce less than perfect representations of climate. Since the properties that can be compared have to be captured by both the observations and the model, the properties are limited to those that can be successfully resolved and also to those that can be captured by the physical parameterization of the model.
The weakness of standard verification approaches is that they often do not provide results that are consistent with subjective perceptions of the quality of a forecast. On the other hand, the standard verification approaches usually provide a statistically valid approach, which is usually not possible in subjective analysis. An objectbased verification method combines the two approaches; the analysis of objects has some statistical validity while at the same time the method mimics some attributes of human capability in determining the ''goodness'' of the forecasts. The method objectively identifies ''objects'' in the forecast and observed fields that are relevant to a human observer. These objects can then be characterized by a few attributes (e.g., location, size, shape, orientation, life span) by which the forecast and observed objects can be compared. Skok et al. (2009) developed and presented an objectbased diagnostic analysis method that was applied on two satellite-derived precipitation datasets-the Tropical Rainfall Measuring Mission (TRMM) 3B42 (Huffman et al. 2007 ) dataset and the Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks (PERSIANN; Hsu et al. 1997 ) dataset-over the low-latitude and midlatitude Pacific Ocean. This method, which is based on the Method for Object-Based Diagnostic Evaluation (MODE; Davis et al. 2006a Davis et al. ,b, 2009 , showed a good ability at identifying, classifying, and tracking of precipitation systems in the two datasets. The two satellite-derived datasets were compared but as yet no comparison has been made to precipitation derived from a model.
Past object-based studies have mainly used data on brightness temperatures detected by satellites. For example, Welch et al. (1988) studied structural characteristics of stratocumulus cloud fields off the coast of southern California using the Landsat Multispectral Scanner. Machado et al. (1998) studied the evolution of morphological and radiative properties of clouds over life cycles of deep convective systems over the Americas using the Geostationary Operational Environmental Satellite-7 (GOES-7) International Satellite Cloud Climatology Project (ISCCP-B3) satellite data from the period 1987-88. Mapes and Houze (1993) objectively processed infrared satellite images of the oceanic warmpool region (808E-1608W) to reveal tropical ''cloud clusters'' with temperatures colder than a given threshold. Wilcox (2003) used an automated cloud detection and tracking algorithm to observe and track overcast decks of clouds in a consecutive set of hourly Meteosat-5 images and National Center for Atmospheric Research (NCAR) Community Climate Model version 3 (CCM3) model output during the 1999 winter monsoon period over the Indian Ocean. Tsakraklides and Evans (2003) examined infrared satellite data over the global tropics and midlatitudes while Baldwin et al. (2005) presented an automated procedure for classifying rainfall systems from radar and rain gauge data in the United States.
Only recently have object-based methods been used for verification of model precipitation. An example of such a study is Davis et al. (2006a,b) , where authors compared the Weather Research and Forecasting (WRF) model precipitation to the observed rainfall in the United States during the period of July-August 2001.
In the present study an analysis and verification of precipitation systems in the NCAR WRF Tropical Channel Simulation over the tropical Pacific Ocean is performed. Such an object-based analysis in the tropical Pacific can contribute to the verification of WRF model ability of simulating of large-scale tropical features such as the Madden-Julian oscillation (Madden and Julian 1971) , the intertropical convergence zone (ITCZ), and El Niñ o-Southern Oscillation.
Section 2 describes the satellite-derived and model datasets while section 3 presents some of the datasets' basic properties, such as annual and seasonal accumulations. Section 4 shortly presents the object-oriented methodology and section 5 presents a sensitivity analysis performed on the two precipitation datasets. In section 6 the satellite and model precipitation are thoroughly analyzed and compared using the object-oriented method. Section 7 gives the concluding remarks.
Datasets

a. Satellite precipitation data
For our object-based analysis and comparison of the results we selected only one of the datasets used in the Skok et al. (2009) -the TRMM 3B42 [also referred to as the TRMM Multisatellite Precipitation Analysis (TMPA)]. The PERSIANN dataset was not included in the analysis because the WRF simulation was made for the period of 1996-2000 while the PERSIANN dataset is available starting from March 2000-therefore, less than 1 yr of data comparison could be performed.
The TRMM 3B42 is a finescale (0.258 3 0.258 and 3 hourly) satellite-derived precipitation dataset available in the latitude band 508S-508N. Most of the coverage in the TRMM 3B42 depends on input from two different sets of sensors. First, precipitation-related passive microwave data are collected by a variety of low earth orbit satellites. The second major data source for the TRMM 3B42 is the window channel (;10.7 mm) infrared (IR) data that are being collected by the international constellation of geosynchronous earth orbit (GEO) satellites. In contrast to the sparse temporal sampling of the passive microwave data, the GEO-IR data provide excellent time-space coverage.
The precipitation estimates are produced in four stages: 1) the microwave precipitation estimates are calibrated and combined, 2) infrared precipitation estimates are created using the calibrated microwave precipitation, 3) the microwave and IR estimates are combined, and 4) rain gauge data are incorporated. The rain gauge data are incorporated by rescaling of precipitation to fit the monthly rain gauge accumulations. Each 3-hourly precipitation field is best interpreted as the precipitation rate effective at the nominal observation time. The TRMM 3B42 product is available starting from 1 January 1998.
b. The NCAR WRF tropical channel simulations
The overarching goal of WRF Tropical Channel Simulations performed by NCAR was to improve the understanding and simulation of the complex two-way scale interactions that are critical to climate and weather predictions, to improve the downscaling from global climate simulations for accurate regional predictions, and to improve upscaling of regional processes in global climate simulations.
To accomplish these goals a 5-yr simulation (1996) (1997) (1998) (1999) (2000) of the tropics was performed using the WRF model version 2.1 (Michalakes et al. 2001; Skamarock et al. 2005) . The domain encompassed latitudes from 308S to 458N and was uninterrupted in the east-west direction. The horizontal resolution of the model was 36 km and Mercator map projection was used. Early parts of the simulation run had a mix of 150-120-s time steps, while the later part had only 120-s time steps. In the vertical direction 35 hybrid pressure-sigma levels were used, which are following terrain close to the surface and are transitioning to pressure levels at the model top. At the north and south boundaries the National Centers for Environmental Prediction (NCEP)-NCAR reanalyses (6 h at 2.58, Kalnay et al. 1996; Kistler et al. 2001) were used with a 10-gridpoint buffer zone. At the lower boundary the Atmospheric Model Intercomparison Project (AMIP) sea surface temperatures (SSTs; Hurrell et al. 2008 ) available in 0.58 resolution and mean monthly vegetation fractions were used. Furthermore, the model setup included the Community Atmosphere Model (CAM) radiation scheme initialized each 30 min, the WRF Single-Moment 6-Class Microphysics Scheme (WSM-6; Hong et al. 2004) , the Noah land surface model Ek et al. 2003) , the Yonsei University (YSU) boundary layer (Hong et al. 2006) , and the Kain-Fritsch convection parameterization scheme (Kain 2004 ).
c. Domain, time period, and missing data A global study of rainfall data would doubtless be of interest; however, because of the limited data availability and the overwhelming size of the task we decided to restrict our domain to the tropical Pacific. The tropical Pacific, which is associated with the ITCZ and El Niñ o/La Niñ a-induced precipitation anomalies, is a very interesting region to study. Therefore a domain similar to the domain used in Skok et al. (2009) was selected. It encompasses the following area: 308S-398N and 1208E-758W (Fig. 1) and included the tropical Pacific as well as parts of the United States, Gulf of Mexico, and the Caribbean. The analysis period consists of three years and includes times when both datasets are available: 1 January 1998-31 December 2000. The domain consists of 661 3 273 (TRMM) and 511 3 225 (WRF) grid points in 8768 three-hourly time intervals. The availability of TRMM data in the Pacific domain was good, nowhere falling below 95% (Fig. 1 ). Of course, the WRF simulation did not have any missing data.
Annual and seasonal precipitation accumulations
With the aim of better understanding the spatial distribution of precipitation as detected by sensors on the satellites or produced by the model, an analysis of average annual, yearly, and seasonal rainfall was preformed.
The average annual precipitation accumulations for the TRMM dataset and WRF simulation is shown in The overall spatial distribution of annual mean precipitation (i.e., the clear shape of the ITCZ with two maxima, one located in the east and one in the west) is similar for both datasets but there are also some considerable differences. The largest difference is that there is considerably more precipitation in the WRF simulation compared to the TRMM dataset. Some of the other differences (marked with numbers in Fig. 2b ) are 1) less precipitation in the WRF simulation over the Indonesian island of Sulawesi, 2) more precipitation in the WRF simulation in the Gulf of Carpentaria, 3) some grid points with extreme precipitation over the island of Papua in the WRF simulation, 4) more precipitation in the WRF simulation in the Philippine Sea, 5) less precipitation in WRF simulation in the middle of ITCZ, 6) less precipitation in the TRMM dataset in the Gulf of Honduras, and 7) more precipitation over continental Central America near Costa Rica in the WRF simulation. The precipitation in the WRF simulation and the TRMM dataset is also compared to the precipitation provided by Global Precipitation Climatology Project (GPCP; Huffman et al. 2001) . Monthly accumulations of GPCP data (available in 2.58 3 2.58) were used to obtain the average annual accumulation (Fig. 2c) . Although the horizontal resolution of GPCP is lower than the resolutions of the WRF simulation or the TRMM dataset, the precipitation is clearly much more similar to the TRMM dataset than to the WRF simulation. This may not be very surprising since the TRMM dataset uses similar satellite data for input as the GPCP. As is the case with the TRMM dataset, the GPCP precipitation accumulations are lower compared to the precipitation accumulations in the WRF simulation.
The yearly precipitation accumulations are shown in Fig. 3 . The precipitation pattern in the year 1998 is somewhat different than in the years 1999 and 2000. The year 1998 has more precipitation around the equator, especially in the eastern part of the domain. The difference in the precipitation pattern can be linked to the fact that the period 1997-98 had a strong El Niñ o event while the period 1998-99 had a moderate La Niñ a event (according to the oceanic Niñ o index available online at http://www.cpc.noaa.gov/products/analysis_monitoring/ ensostuff/ensoyears.shtml).The difference between the years 1998 and 1999-2000 can be observed in both datasets. However, there is also considerable difference between the datasets themselves, especially for accumulation in the year 1998. For example, in the WRF simulation the precipitation regions in the eastern Pacific corresponding to the ITCZ and the secondary ITCZ are more separated while in TRMM the two are joined in a single region.
The average seasonal precipitation accumulations are shown in Fig. 4 . There are numerous differences between the datasets in different seasons [e.g., a lack of precipitation in the middle of ITCZ in the WRF simulation in the September-November (SON) season]; however, the general shapes of the spatial distributions of precipitation are similar. Another interesting observation is that the ITCZ does not move significantly toward the north or south when comparing different seasons. The secondary ITCZ manifests itself during the March-May (MAM) period [also partly in the December-February (DJF) period] but the primary ITCZ does not seem to move. This is shown by both datasets. This may be somewhat unexpected since organized convection, which is the reason for high precipitation accumulations in the ITCZ, could be expected to occur in regions with the maximum available solar radiation energy, which is north of the equator in the June-August (JJA) period and south of equator in the DJF period. At least some displacement of ITCZ toward these regions would be expected, but this does not seem to happen.
Object identification methodology
The object identification methodology is the same as that presented in Skok et al. (2009) -it is a modified version of the object-oriented method presented in Davis et al. (2006a Davis et al. ( ,b, 2009 . It consists of three steps. First, the original 3-hourly accumulations are smoothed using 
convolution. Convolution is performed as a twodimensional spatial moving average inside the convolution radius (Rs). The second step is thresholding-the process of disregarding any precipitation below a threshold value TH. The third step is an algorithm that identifies the objects as self-enclosed regions of precipitation after applying the smoothing and thresholding. The identification of self-enclosed regions of precipitation is done in three-dimensions (two spatial and one temporal dimension) thereby obtaining a temporal sequence of two-dimensional spatial objects that are deemed to be part of the same transient precipitation feature (e.g., a storm, convective system, frontal system, . . .). Temporarily disregarding the difference between temporal and spatial dimensions, a time-evolving object can be thought of as a self-enclosed object in three dimensions. The shape of these objects can be nontrivial-for example, the object can split, merge, or have holes. The life span of an object is defined as the difference between the time of the last appearance and the time of first appearance. If an object is present in a single time interval, its life span is defined as the duration of the time interval; if in two, its life span is double the duration of the time interval, and so on. The movement of the object is defined as the movement of its geometric center in consecutive time intervals.
The larger the convolution radius Rs, the more smoothing is applied to the original precipitation. The smoothing is applied in order to join the nearby objects deemed to be part of the same precipitation system-as a result, the spatial objects also have smoother outlines, which better reflect outlines that would be made by a human. Also, Rs defines the ''scale'' of precipitation to be considered. For example, the value of Rs can be such that the smaller precipitation systems will be removed (smoothed to such an extent that their maximal value will become lower than the threshold) while larger objects will remain.
Sensitivity analysis
The goal of the sensitivity analysis was to select the appropriate values for parameters of the object-based method, namely the values for convolution radius (Rs) and precipitation threshold (TH). These two parameters greatly influence the number of identified objects, their spatial distribution, and life span, and are therefore very important. An extensive analysis of the parameter values was performed in Skok et al. (2009) using the TRMM and PERSIANN satellite datasets that, among other things, showed that the smoothing (convolution) in time produces the unwanted ''spillover'' effect, where objects from nearby time intervals spill over to the current time interval. This artificially increases the life span of many objects and it was therefore decided that temporal smoothing should not be used.
However, since this analysis uses a new set of precipitation data (precipitation from the WRF simulation) that was not analyzed in the previous study, a new sensitivity analysis should be performed. The analysis is performed in two steps. The first step uses a wide range of parameter values for Rs and TH, but because of the computational limitations only one simple property was studied-the portion of domain covered by objects. The second step uses a smaller range of parameter values where an analysis of life span is performed.
The portion of domain covered by objects is analyzed for the entire 3-yr period (Fig. 5, top) . The range of Rs parameter values is 08-68 while the range of TH values is 0-100 mm (3 h) 21 . The figure is similar to those in Skok et al. (2009) . There is a value of TH, invariant according to the Rs (approximately 2-3 mm of rain in 3 h), where the choice of Rs does not influence the portion of domain covered by precipitation. The invariant value separates the graph into two distinctly different sections. If TH is smaller than the invariant threshold then the objects would always cover more area if Rs is increased. The opposite is true if TH is larger than the invariant. The reason for the existence of the invariant value is explained in more detail in Skok et al. (2009) . The WRF simulation has a very large portion of domain covered by objects for low values of precipitation thresholds (almost 50% when no threshold is applied), but when threshold is increased to 1 mm (3 h)
21
, the portion is lower than 10%. This indicates that more than 40% of the domain in the WRF simulation is covered by precipitation with intensity lower than 1 mm (3 h)
. The most likely cause for this is the stratiform precipitation, which the model treats explicitly and separately from convective precipitation and that seems to produce unrealistically large areas of low intensity precipitation, which is not observed/detected in the TRMM dataset. At thresholds greater than the invariant value, the portion of domain covered by objects in the WRF simulation is comparable to the portion in the TRMM dataset.
The dependence of the number of objects on the life span is analyzed for both datasets using the entire 3-yr period. The range of Rs parameter values is 08-68 while the range of TH values is 1-100 mm (3 h)
. Figure 5 (bottom) shows that the dependence of the number of objects on life span follows the power law in both datasets. In this respect the precipitation in the WRF simulation is similar to the precipitation in the TRMM dataset. At longer life spans the lines become noisy, which can be attributed to the small sampling rate of objects with a very long life span. There is an increase in the number of objects that have the longest possible life span (life span of 270 h, which equals 90 time intervals). This can be attributed to the fact that objects with a life span longer than 90 time intervals are not represented well if only the last 90 time intervals are kept in memory. Objects with a life span longer than 90 time intervals can therefore split into two or more objects, where one of them usually has a maximum allowable life span.
Comparison of objects
In a similar manner as in Skok et al. (2009) the parameter values Rs 5 0.758 and TH 5 7 mm (3 h) 21 are chosen for the analysis and comparison of precipitation in TRMM dataset and WRF simulation. These parameter values are selected because the main interest was the study of convective precipitation, especially organized convection in the tropics, and these values enable a successful identification of objects related to convective systems. No temporal convolution is applied in order to avoid any unwanted spillover effect. The entire period from 1 January 1998 to 31 December 2000 is studied and 300 previous time intervals are kept in memory during the processing. Figure 6a shows the number of objects versus life span dependence for both datasets. Both datasets display a power-law-like dependence and in this respect the precipitation in the WRF simulation is similar to the one in the TRMM dataset. Also, it shows that the TRMM dataset has more objects with a short life span (i.e., a life span less than 30 h) and fewer objects with a longer life span (i.e., a life span more than 60 h) compared to the WRF simulation.
Figures 6b,c show the scatterplots of objects with regard to their life span and maximum area. Maximum area is defined as the object area at the time interval when the object occupied the largest area. The figures for the TRMM dataset and WRF simulation show a somewhat different trend. In both cases there seems to be some correlation between the between the life span and maximum area (Pearson's correlation coefficient for the TRMM dataset is 0.80 and for the WRF simulation 0.60), which suggests that objects with longer life spans tend to be large. The WRF simulation has a few unusual outliers with very short life spans and a large maximum area. These are most likely artificially created due to limited number of time intervals kept in memory, which is set to 300 (a higher number was not possible because of limitations in available computer memory). A few of the objects in the WRF simulation have a longer life span than 300 time intervals (900 h). These objects can split into a few objects with very short life spans that retain their large maximum areas. There is a notable difference between the scatterplots for the two datasets-the TRMM dataset has larger objects with shorter life spans compared to the WRF simulation.
Figures 7 and 8 show the average annual object frequencies with regard to object size and life span. Object frequency for a grid point is defined as a ratio between a number of time intervals when an object was detected at the grid point and the number of all time intervals in the selected period. Objects are counted at all their pixels and not just their centroid location. The frequency of all objects, regardless of object area or life span (Figs.  7a,b) , shows that the maximum frequencies are located in the eastern part of ITCZ or in the western part of domain. The maximum in the eastern part of the ITCZ is about 8.5% (TRMM) and 6% (WRF). In the western part there are more local maxima (with values usually 4%-6%) but in both datasets the largest value is located on the island of Papua with values of 8% (TRMM) and 18% (WRF). This precipitation is short lived and small in size in both datasets, which can be observed from Figs. 7c,d and 8a,b. The unrealistically high object frequency over the island of Papua in the WRF simulation could most likely be attributed to less than perfect simulation of orographically induced convective precipitation that occurs over the island's mountains; and that seems to occur much more often in the model than in the real world.
The spatial distribution of frequencies for smaller objects (with area less than 90 000 km 2 ) is similar to the annual precipitation-it seems that the smaller objects appear wherever there is precipitation. Similar behavior can be observed for the objects with the shortest life span (,30 h).
The maximum of frequencies for large objects (with area more than 350 000 km 2 ) is in the western part of domain for both datasets (Figs. 7g,h ). There are two local maxima in this region-one is east of the Philippines and another is northeast of Australia. The WRF simulation has another local maximum in the eastern part of domain. The overall values of the frequencies in the two datasets are different (lower in the TRMM dataset)-large objects seem to be more frequent in the WRF simulation.
The highest values of frequencies for objects with the longest life span (.90 h) are situated at similar locations as the highest values of frequencies for large objects-in the western part of domain and in the eastern part of ITCZ (Figs. 8g,h ). There are two local maxima situated in the western part of domain-one is east of the Philippines and another is northeast of Australia. The objects with the longest life spans appear in similar regions as the large objects. The overall values of the frequencies are lower in the TRMM dataset, which is consistent with the results that there are more objects with long life spans in the WRF simulation (Fig. 6a) . Another interesting result is that the local maximum in the eastern part of domain (either for large objects or for objects with the longest life span) is not located at the coast of America, where the precipitation maximum is situated, but some way off toward the west.
Since the spatial distribution of annual precipitation changes considerably with years an analysis of the yearly distribution of large objects and objects with the longest life span is performed. These frequencies are shown in Fig. 9 . As expected, 1998 is considerably different from 1999 and 2000. It can be seen, that the eastern maximum of frequency for large objects, which occur only in the WRF simulation (Fig. 7h) , is mainly in 1998 (Fig. 9d) (Figs. 9e,f). In the WRF simulation, the global frequency maximum for objects with the longest life spans is in the eastern part of domain for 1998 and in the western part of domain for 1999 and 2000. In contrast, the maximum values in eastern and western parts of domain are similar in the TRMM dataset, regardless of the year, although some interesting differences in the yearly TRMM dataset do exist. For example, the Philippine Sea maximum looks stronger/broader in the 1999-2000 period than in 1998 and the south-central and southeast Pacific has more objects with the longest life spans in 1998 than in 1999-2000. The left panels in Figs. 10 and 11 , respectively, show the object trajectories for TRMM dataset and WRF simulation. As is the case with precipitation accumulations, the trajectories in 1998 are considerably different than in 1999 and 2000. In general there are more trajectories with longer life spans (red) in WRF simulation than in TRMM dataset. This is in accordance with the results in Fig. 6a .
The analysis of eastward-westward movement by visual examination of drawn trajectories is sometimes unreliable (e.g., in the ITCZ where a large number of overlapping trajectories would make visual examination hard) even if the trajectories were colored by direction of movements (e.g., Skok et al. 2009 ); therefore, a simple eastward-westward movement index (EWI) was constructed. EWI is defined as
where N W is defined as the number of time intervals in the time period when a westward-moving object was detected at the grid point. Here N E is defined similarly to N W except that it is related to eastward movement. If EWI 5 0 only westward movement is detected at the grid point, and if EWI 5 1 only eastward movement is detected. If EWI 5 0.5 the same number of time FIG. 7 . Average object frequencies (%) according to the object's size during 1 Jan 1998-31 Dec 2000. Small objects are defined as objects with area less than 90 000 km 2 , medium objects have area between 90 000 and 350 000 km 2 , and large objects have area larger than 350 000 km 2 : (left) TRMM and (right) WRF with (top to bottom) all, small, medium, and large sizes. intervals are detected with the eastward movement as with the westward movement. EWI is only reliable if there are enough time intervals with an object detected at the grid point; therefore, we decided to ignore all grid points where the object frequency is less than 0.5% (i.e., objects were detected in less than 0.5% of all time intervals).
The right panels in Figs. 10 and 11, respectively, show EWI for the TRMM dataset and WRF simulation. The movement at the top and bottom of the domain is mostly eastward in both datasets, while the movement in equatorial region is both ways but can vary from year to year. In general the figures are similar for both datasets except in the central part of ITCZ, where EWI indicates that in the TRMM dataset this region has both eastward and westward movement, while in WRF simulation the movement is clearly dominated by westward-moving objects. This is true for every year. A seasonal analysis of EWI (figures not shown in this manuscript) also suggests the same conclusion for DJF, SON, and partly also in JJA.
In the ITCZ and the surrounding regions the trajectories of objects in the WRF simulation seem straighter compared to trajectories of objects in the TRMM dataset. Trajectories of objects in the WRF simulation are oftentimes spanning only in the east-west direction, while trajectories of objects in the TRMM dataset almost always also include displacements in the north-south direction. To quantitatively describe this difference, a simple straightness index (SI) was created. The SI is defined for every three-point trajectory segment as
where d a is the distance between the first and second point of trajectory segment, d b is the distance between the second and third point, and d c is the distance between the first and third point (Fig. 12) . A perfectly straight trajectory segment will have an SI value of 1. The less straight the segment, the larger is the value of SI. The bottom panels in Figs. 10 Fig. 7 , but according to the object's life span.
SI are clearly smaller in the WRF simulation, which indicates that the trajectories of precipitation objects in the model are smoother than in the TRMM dataset. This is true for the ITCZ as well for other regions.
Conclusions
The precipitation provided by the NCAR WRF Tropical Channel Simulation is compared to the TRMM precipitation using the object-based comparison method presented in Skok et al. (2009) . The comparison, which was done for a 3-yr period from 1998 to 2000, shows that the overall spatial distribution of annual mean precipitation (i.e., the clear shape of the ITCZ with two maxima-one located in the east and one in the west) is reproduced by the WRF model, but there are also numerable differences-the largest being that there is considerably more precipitation in the WRF simulation compared to the TRMM dataset. It is not clear why there is such a large difference between the precipitation accumulations. Is perhaps WRF systematically overestimating the precipitation or perhaps the TRMM underestimating it? To obtain at least a part of the explanation it would have been interesting to compare the WRF simulation to PERSIANN and see if PERSIANN is more similar to WRF since PERSIANN produced more precipitation than TRMM (shown in Skok et al. 2009 ); however, the PERSIANN data are not available before 2000 and therefore a proper comparison is not possible. There are also differences between datasets for yearly accumulations, especially for 1998 when a strong El Niñ o was present (e.g., in the WRF simulation, the secondary ITCZ is separated from the primary ITCZ while the two are joined in the eastern half of domain in the TRMM dataset).
Sensitivity analysis showed that more than 40% of the domain is covered by weak precipitation in the WRF simulation, which is most likely contributed by stratiform precipitation, which the model treats explicitly (and separately from convective precipitation). At thresholds greater than the invariant value of 2-3 mm (3 h)
21
, the portion of domain covered by objects in the WRF simulation is comparable to the portion in the TRMM dataset. The objects versus life span dependence follows a power law in both datasets.
The object-based analysis showed that more objects with short life spans (life spans less than 30 h) and fewer objects with longer life spans (life spans more than 60 h) are present in the TRMM dataset compared to the WRF simulation. Trajectory analysis showed that there are more trajectories with longer life spans in the WRF simulation than in the TRMM dataset, which could be a cause and/or consequence of the higher precipitation accumulations in the WRF simulation. The analysis of WRF channel simulation performed by Caron (2010, manuscript submitted to Climate Dyn.) and Tulich et al. (2010) showed that the long-lived precipitation events are usually made up of tropical cyclones, which make up a good fraction of the events, but there is also a somewhat large amplitude of Madden-Julian-like variability. They showed that both the MJO activity and the red noise background variability are higher in the model simulation than in observations. An analysis of object frequency with regard to object size and object life span showed numerous results: the local maxima of frequency of all objects, regardless of objects size or life span, are located on the eastern part of ITCZ or in the western part of domain; the unrealistically high frequency over the island of Papua in the WRF simulation could most likely be attributed to less than perfect simulation of orographically induced convective precipitation, which occurs over the island's mountains and seems to occur much more often in the model than in the real world; and the highest values of frequencies for objects with the longest life span (.90 h) are located similar to the highest values of frequencies for large objects (two regions in the western part of domain and in one region the eastern part of ITCZ) and these regions do not necessarily coincide with the regions of maximum precipitation accumulations. The analysis of datasets using the eastward-westward movement index (EWI) showed that the movement at the top and bottom of domain is mostly eastward. The general movement is roughly similar in both datasets with the exception of the central part of ITCZ where EWI indicates that both eastward and westward movements are present in the TRMM dataset, while westward movement is clearly dominating in the WRF simulation. The westward dominance of WRF equatorial motion suggest that particular wave modes are overrepresented in the WRF simulation, which is consistent with Tulich et al. (2010) , who found that westward-propagating convectively coupled waves have larger amplitude in the WRF simulation than in nature.
Since the trajectories in the WRF simulation look straighter than those in the TRMM dataset, a simple straightness index (SI) is defined in order to quantitatively compare the two datasets. The SI shows that the trajectories of precipitation objects in the model are smoother than in the TRMM dataset. The reason for this does not seem to be clear. Different potential explanation might be foreseen. Perhaps the (north and south) lateral boundaries in the WRF simulation force the precipitation systems to move more smoothly in the zonal direction. Perhaps the real-world precipitation systems FIG. 11 . As in Fig. 10 , but for WRF. 4574 evolve faster and change their outlines more often, thereby shifting their centers somewhat erratically, while the precipitation characterizations in the WRF model do not allow such a fast change of outlines. Or perhaps the uncertainty in the satellite measurements cause erratic, almost random, changes in object outlines, causing the displacements of object centers.
